A multidisciplinary design method for generating hypersonic transport (HST) configurations using waveriders is presented. Waveriders generated from osculating cone flowfields are used as the initial platform for the vehicle, and various modifications required for the mission are implemented. The propulsion system assumes the use of ramjets and lowbypass turbofans with hydrocarbon fuel. Empirical estimates of the structure weight of the configuration are combined with a method for calculating the total mission fuel requirements. Design optimization is performed using both evolutionary and hill-climbing techniques to allow a thorough search of the design space; optimization variables include freestream, geometric, engine design, and mission parameters. A baseline 250 seat configuration was generated, and demonstrated the ability of the model to create optimized designs that meet mission requirements. Trades were conducted to investigate mission assumption and modeling sensitivities, and it was found that the total HST mass saw only small changes due to payload size, cruise range, and ramjet combustion efficiency assumptions. However, applying additional margin to the mass sizing technique resulted in a more than 40% increase in total mass, which indicates a relatively high sensitivity to mass estimating errors. Finally, a top level comparison with a modern subsonic transport indicated that, although HSTs can cut travel time by one-fifth, they will have to overcome economic challenges associated with higher total mass and lower overall fuel efficiency. 
I. Introduction
urrent air transport vehicles provide a low-cost and efficient means of moving products and passengers from one part of the globe to another, yet these systems are still limited to cruise speeds below Mach 1. While the Concorde was initially seen as the first of a generation of supersonic transports (SSTs), high-costs and environmental regulations mitigated the introduction of other high-speed transports designed for operation greater than Mach 1. Research into SST designs is still underway, and much of the focus is on identifying designs with minimized sonic boom characteristics. While much progress has been made, such aircraft must still overcome the economics associated with supersonic flight.
The low-hypersonic operation (e.g. approximately Mach 4 to 6) provides some potential advantages versus SST configurations. An optimal hypersonic transport (HST) configuration might be designed for operation at more than twice the Mach number and altitude of a SST design; this would result in smaller shock wave angles, and a much larger distance for the shock wave signature to travel before impinging on the ground. These environmental characteristics may help mitigate the sonic boom effects from an HST configuration, which would overcome one of the major barriers for SST designs. Furthermore, operation at low-hypersonic Mach numbers would enable a significant reduction in travel time (on the order of one-fifth of that for subsonic transports), which could allow increased ticket prices to offset potentially higher operational costs.
Although higher Mach number configurations might provide further advantages regarding some of these issues, there are several reasons why focusing on the Mach 4-6 regime shows potential. For example, a cruise vehicle C American Institute of Aeronautics and Astronautics designed for low-hypersonic operation can utilize a hydrocarbon-fueled ramjet propulsion system (typically viable below Mach 6) [1] , which eliminates the need to utilize scramjets or cryogenic fuels. Aerodynamic heating, while still significantly higher than supersonic configurations, will be reduced somewhat compared with higher Mach numbers, allowing the potential use of a metallic thermal protection system (which can be advantageous from cost, reusability, and reliability standpoints) [2] . Finally, cruise at lower Mach numbers and altitudes will decrease the amount of fuel required for climb and acceleration to cruise conditions, which should allow a larger portion of the mission to take place at optimal design conditions. Overall, it can be suggested that a low-hypersonic HST configuration shows potential in addressing several of the issues facing SST designs, and is an overlooked configuration for application to high-speed transport missions.
Aerodynamic Efficiency and Waveriders
For any kind of long-range cruise aircraft, efficient operation is a key requirement for economic success. One indication of the aerodynamic efficiency of an aircraft is its lift-to-drag ratio (L/D). Cruise vehicles are typically designed for operation with the lift approximately equal to the weight at cruise conditions; therefore, assuming identical vehicle weights, a high-L/D vehicle will typically require less thrust and fuel than a low-L/D vehicle. Therefore, designing a high-speed transport to have a high L/D is a possible means of reducing the operating costs of the vehicle.
Subsonic transports frequently exhibit an L/D of 15 or more. Supersonic aircraft, on the other hand, have to contend with a large drag increase due to the formation of shock waves (i.e. "wave drag"), and therefore the maximum L/D of supersonic/hypersonic vehicles tends to decrease as the Mach number increases (this is occasionally referred to as the "L/D barrier") [3] . A class of vehicles referred to as waveriders, however, has shown the potential to attain a higher L/D relative to conventional designs, and have been investigated for application to a wide range of missions including, for example: Two Stage to Orbit vehicles [4] [5] [6] , aerogravity assist and aerocapture maneuvers [7] [8] , and cruise/accelerator configurations [9] [10] .
A waverider is a supersonic or hypersonic configuration that has an attached shock wave along its entire leading edge. This attached shock wave limits the leakage of the high-pressure lower surface flow into the upper-surface region, thus allowing the potential of a high L/D relative to conventional hypersonic designs. Waveriders are typically created using an inverse design process in which the inviscid supersonic or hypersonic flowfield around a simple object is used as the generating flowfield for the design. The streamlines behind the shock wave are traced to create the lower surface of the waverider (such that the waverider will be able to recreate the same shock wave shape from its own leading edge); the upper surface configuration is arbitrary, and is commonly created as a surface parallel to the freestream direction.
Research Objectives
The present work introduces a unique waverider-derived HST design approach; this is integrated into a multidisciplinary design optimization (MDO) framework to provide an initial feasibility assessment of the potential of HST configurations in the 200-400 passenger size class. The use of waveriders as the basis for an HST is employed not only to provide increased aerodynamic efficiency, but also because the inverse design method allows the upper surface design to be tailored to the mission payload requirements without affecting the lower surface flowfield. An engine configuration consisting of ramjets and low-bypass ratio turbofans is considered, along with a hydrocarbon fuel system. Mass and volume sizing is performed, and the use of a global search optimization process is implemented to force the designs towards desired characteristics (e.g. mission-required payload mass, minimized total mass). Finally, trade/sensitivity studies are conducted to investigate the response of the design method to a variety of influences and assumptions.
The authors have performed previous investigations into the use of waveriders to design HST configurations [11] . The present work builds upon this earlier effort, with several improvements incorporated into the design method (e.g. method of characteristics nozzle design, first-order transonic sizing of the low-speed propulsion system, sizing of fuel tanks within wing structure) to provide increased fidelity of the results, as well as the utilization of a genetic algorithm optimization technique to more thoroughly explore the design trade space.
II. Hypersonic Transport Design Method
The design/analysis methods developed in the present work focus on the cruise portion of the HST mission; however, low-fidelity techniques are also included to provide a first-order estimate of the total mission performance of the designs (see Fig. 1 for a depiction of the mission trajectory considered). The conceptual design method American Institute of Aeronautics and Astronautics combines a wide variety of computational models, including routines for waverider creation, propulsion system design and analysis, vehicle volume and mass sizing, and aerodynamic performance estimation. Design optimization is implemented in order to generate realistic designs based on a specified objective function. A flow chart describing the conceptual design method is shown in Fig. 2 . 
Waverider Design
The inverse design process is used to create waveriders from a specified supersonic or hypersonic generating flowfield. In past research regarding waveriders, wedge or cone flowfields are often utilized in the design process due to the simple analytical solutions available. Wedge flowfields (solved using oblique shock wave relations) provide a two-dimensional flowfield, which is a desirable characteristic for engine-integrated vehicles. Conical flowfields, on the other hand, are usually solved by integrating the Taylor-Maccoll equation, and tend to provide waverider designs with better volumetric efficiency (i.e. ratio of volume to surface area) as compared with wedgederived waveriders. The trade-off, however, is that the flowfield is no longer two-dimensional.
The osculating cone method [12] is a third technique that has seen increased use in waverider design; it is essentially a "strip method" in which a single cone flow solution is scaled locally over strips (i.e. osculating planes) of a specified shock profile curve (SPC) to create the generating flowfield. The curvature of the shock wave American Institute of Aeronautics and Astronautics determines the local cone radius and position (since the cone solution is applied in a plane normal to the shock curvature). A curvature of zero implies that the cone is infinitely large; in this case the flow conditions correspond to the region immediately after the cone shock wave -equivalent to the flow behind a two-dimensional oblique shock wave. Because only a single cone flow solution is required, the computational cost is minimal. Furthermore, control over the shape of the shock wave is possible to an extent; in the present work this is implemented by dividing the SPC into "wedge" and "cone" sections as shown in Fig. 3 . This allows a two-dimensional flow region near the center of the waverider (where the engine in an HST would be located), whereas the SPC region near the edges of the generating flowfield shock wave can be curved to allow potentially increased volumetric efficiency.
Fig. 3 Waverider shape design parameters in base plane (half-symmetry assumed).
The shape of the waverider in a given generating flowfield can be described by its lower surface base curve (LBC). The LBC is created using four control points with the option of linear or cubic spline interpolation between control points as shown in Fig. 3 . The results discussed in Section IV all use linear interpolation between the control points. This approach was chosen to minimize the use of curved surface regions -in a realistic aerospace configuration, it is desirable to keep the surface/structure complexity to a minimum (i.e. flat surfaces), which can ease the integration of control surfaces with relatively straight hinge-lines or help simplify the manufacture of some structural components.
The lower surface of the waverider is created by starting from the LBC and tracing the streamlines upstream in each osculating plane in the generating flowfield upstream using a fourth-order Runge-Kutta algorithm until the shock wave is intersected (this indicates the leading edge of the waverider). The upper surface is then created by tracing from the leading edge of the waverider in the freestream direction. This method allows the construction of an idealized waverider (defined as a waverider with its upper surface parallel to the freestream flow) from a given generating flowfield.
Propulsion System Overview
For an HST designed for operation in the low-hypersonic regime, a ramjet propulsion system is a viable option for efficient cruise performance using presently available engine technologies. Therefore, a propulsion system using low-bypass ratio turbofan engines for low-speed operation (up to approximately Mach 2) and ramjet engines for high-speed operation (above Mach 2) is considered. An over-under configuration is assumed, although detailed calculation of only the ramjet system flowpath is performed, due to the focus of the present work on the cruise portion of the mission.
A breakdown of the strut-based ramjet components is shown in Fig. 4 . External and internal compression is utilized (stations 0 to 2), and the location and size of the internal ramps are designed such that the individual shock waves coalesce at the cowl lip. The flow then enters the isolator (stations 2 to 3), which is designed using a series of vertical struts; the isolator is present to contain the shock train used to slow the engine flow to subsonic speeds before entry into the combustor (stations 3 to 4). The struts continue a small amount into the combustor section to provide locations for fuel injection; the rest of the combustor is then designed assuming area expansion at a constant angle, which allows a simplified structure versus constant-pressure combustion chambers. Thermal choking is used in the combustor to expand the flow back to supersonic speeds; this is similar to the area-choking used in conventional ramjet configurations except that an "effective area" choking is used based on the flow properties (e.g., American Institute of Aeronautics and Astronautics physical area, stagnation temperature, mass flow) instead of a physical throat. Finally, at the combustor exit, the flow enters the nozzle region (stations 4 to 10).
Fig. 4 Engine stations and strut layout.
This strut-based ramjet configuration is similar to a dual-mode ramjet/scramjet engine design, and is loosely based on the "strutjet" dual-mode RBCC concept [13] , although in the present work the isolator struts are much thinner than those considered in the original strutjet configuration (this is possible since rockets are not integrated into the engine flowpath). The main reasoning behind the choice of a strut-based ramjet system is that the high cruise speed will necessitate a large operational Mach number range for the engine; a standard ramjet system (using area-choking with a variable-geometry throat) might be prohibitive based on mass and complexity considerations. Since a shock train is used to slow the flow to subsonic velocities, the strut-based configuration is applicable to a wide range of Mach numbers, as long as the shock train is contained in the isolator. This simplified engine structure may exhibit advantages regarding mass/complexity/cooling requirements, which could potentially offset some of the performance degradation due to larger friction losses versus conventional ramjets. It can be suggested, however, that more-detailed follow on studies of HSTs should be conducted to more comprehensively compare this strut-based ramjet design with more conventional ramjet configurations.
Engine-Airframe Integration
For a vehicle operating at hypersonic flow conditions, a highly-integrated propulsion system is required for efficient operation. Waverider configurations are characterized by a high-pressure lower surface; this is used to provide initial external compression for the HST engines. An arbitrary number of two-dimensional inlet ramps are used to provide additional compression-the use of oblique shock waves due to the inlet ramps can provide a decrease in the isolator entry Mach number, which will help mitigate stagnation pressure losses due to any normal shock waves present in the isolator.
The inlet ramp system will require variable geometry to allow controlled off-design performance (e.g. maintain shock attachment at the cowl lip) and to provide access to the low-speed propulsion system. As an initial estimation, it is assumed that the first inlet ramp will be fixed (due to the joint with the waverider lower surface); the other ramps would then exhibit some variable geometry. Because the present work focuses on the cruise analysis of the HST designs, a detailed investigation of the variable geometry ramp system is not performed; however this is one area requiring further investigation in future analysis of the off-design performance of HST configurations.
In the current design method, the engine width is derived from the payload width and the specified body side thickness; the isolator, combustor, and nozzle lengths, and inlet ramp, cowl, and nozzle angles, are all variables in the engine design. The isolator/combustor sections are divided into an arbitrary (even) number of engine modules; this allows the engine section length to be kept at reasonable levels (e.g. fuel mixing and combustion lengths are dependent on the cross-sectional size of the combustor). The isolator length required to contain a normal shock train length can be estimated from the following empirical correlation [14] : American Institute of Aeronautics and Astronautics 
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where the suggested values of ߠ ̅ = 0.02 ℎ ௦௧ and ܴ݁ ఏ ഥ = 10,000 can be used for an initial estimate of the isolator size. In the present work, the isolator entry Mach number is typically between Mach 2 and 3, which corresponds to the transition region between normal and oblique shock trains [1] . However, Eq. (1) is implemented as a design constraint in order to provide a minimum required length (݈ ௦௧ ) for the isolator section. The nozzle is designed as a truncated minimum-length nozzle using the two-dimensional method of characteristics [15] . The truncated nature of the nozzle implies that full expansion of the engine flow will not be realized; however, this is an acceptable trade-off considering that the majority of the nozzle thrust is generated from the initial expansion, and that the shorter length will lead to integration advantages (e.g. lower mass) [1] [15] . A nozzle flap is extended along the bottom of the nozzle region such that the last characteristic emanating from the initial expansion corner is reflected and intersects the truncated nozzle trailing edge (see Fig. 5 ). This flap is present to ensure that the pressure difference between the nozzle exit and cowl flow regions will not affect the overall nozzle performance (calculated by integrating the pressure forces acting on the nozzle surfaces). Nozzle side panels are currently not included near the flap region, but would be necessary in future design iterations to keep the nozzle flow from expanding outwards (the HST configurations generated in the present work have sidewalls along most of their nozzle length due to integration into the waverider body, therefore the inclusion of side panels in future studies is expected to have a relatively small effect on the performance due to the large areas already covered by the body).
Finally, it should be noted that for simplicity, the ramp sides, cowl, and nozzle flap surfaces are modeled with zero thickness -in reality, finite thickness will cause shock/expansion interactions with the lower surface flowfield of the waverider, which is currently not considered. 
Quasi-One-Dimensional Ramjet Model
The isolator and combustor sections of the ramjet engine are modeled using a quasi-one-dimensional analysis similar to that described in Ref. [1] and [16] . Combustion is simulated as an increase in the stagnation temperature of the flow in the combustor up to a specified maximum; this temperature release profile is described using a rational function:
where x is the horizontal distance from the start of the combustor, and ߠ = 40-50 for subsonic ramjet combustion [1] .
The main equation describing the quasi-one-dimensional flow through the combustor includes stagnation temperature change, area variation, friction, and mass injection, and can be written as [16] : American Institute of Aeronautics and Astronautics In order to integrate Eq. (3), the driving potentials (e.g. cross-sectional area, stagnation temperature, mass flow, and friction distributions) need to be specified as a function of ‫.ݔ‬ Therefore, the area variation ‫ܣ‬ሺ‫ݔ‬ሻ is calculated based on the engine configuration, ܶ ሺ‫ݔ‬ሻ is constant except for the regions where combustion is simulated by Eq. (2), the local width and area are combined with Eckert's reference temperature method [17] to obtain ܿ ሺ‫ݔ‬ሻ, and fuel injection is simulated in the ݉ሶ ሺ‫ݔ‬ሻ term. An example of these driving potentials applied to a strut-based ramjet configuration is shown in Fig. 6 .
Fig. 6 Example of driving potentials for quasi-1D engine simulation.
For ramjet operation to occur, a sonic point needs to be located in the combustor (corresponding to choking of the flow). This location is found by application of l'Hospital's rule to Eq. (3) as the Mach number approaches unity (see Ref. [16] for further details). Once the sonic point is found, Eq. (3) is integrated backwards to obtain the properties at the combustor entrance; then forward integration to the combustor exit allows the flow conditions to be calculated by Eq. (3) and integral relations describing the flow.
The flow through the isolator is also obtained by the integration of Eq. (3). The driving potentials are again specified in a similar manner, and the integration is performed from the isolator entrance to exit in order to obtain the flow conditions. Although the isolator is present to contain the shock train used to bring the flow down to the subsonic conditions required at the combustor entrance, no simple analytical models are available to provide the solution to such phenomena. Therefore, a single normal shock wave is included in the engine model to perform the same function as the shock train [16] . The integration of Eq. (3) is iterated, varying the location of the normal shock wave until a solution is found where the isolator exit conditions match the required combustor entrance conditions. An example of the final quasi-one-dimensional isolator/combustor flow solutions obtained using these methods is shown in Fig. 7 (corresponding to the driving potentials in Fig. 6 ). American Institute of Aeronautics and Astronautics The current engine model makes the assumption of a calorically-perfect gas. For highly energetic flows, this assumption can lead to a significant overestimation in the propulsion forces. Therefore, as described in Ref. [1] , a compromise between model complexity and accuracy is implemented by assuming different constant ratios of specific heats for the major engine sections. External and internal compression was assumed to occur at γ = 1.4; the isolator and combustor were assumed to be at γ = 1.36, and the nozzle flow was assumed to be at γ = 1.24 due to the larger number of molecular degrees of freedom present in the exhaust flow.
After the isolator and combustor flowfield solutions are obtained, the momentum thrust of the engine is calculated as the difference between the impulse function at the combustor exit and the isolator entrance:
Both horizontal and vertical components of the engine thrust are considered (based on the cowl angle). Finally, a flowchart summarizing this strut-based ramjet design/analysis method is shown in Fig. 8 . American Institute of Aeronautics and Astronautics
Fig. 8 Flowchart describing strut-based ramjet engine model (italics indicate computational methods).

Low-Speed Propulsion Sizing
Although the present work focuses on the cruise portion of the mission, basic sizing of the low-speed propulsion system is required to ensure that the low-bypass turbofan modules will provide adequate thrust and meet mass/volume sizing requirements. For this purpose, the turbofans are sized based on transonic thrust requirements, under the assumption that transonic performance will be a driving characteristic of the HST low-speed propulsion system.
A thermodynamic analysis (as described in Chapter 5 of Ref. [18] ) is implemented in a separate spreadsheet model, and is run outside the conceptual design process to determine the specific thrust of a baseline low-bypass turbofan configuration. This model is run with the following assumptions: 1) the baseline propulsion component efficiencies and stagnation pressure losses listed in Ref [18] are used to account for the non-ideal aspects of the engine, 2) a bypass ratio of 0.4 (i.e. similar to military low-bypass turbofans) is assumed, 3) burner stagnation temperatures of 1800 K (core flow) and 3000 K (afterburner) are specified to simulate heat release due to combustion, and 4) compression ratios of 25 (core flow) and 1.5 (transonic fan stage) are assumed. The present analysis also assumes the use of the same fuel as the ramjet propulsion system.
The transonic drag of the configuration is estimated using analytical/empirical techniques as described in Ref. [19] . The induced drag is calculated based on the slope of the lift coefficient and leading edge suction methods (where the lift coefficient is estimated using the lift coefficient slope and the angle of the HST lower surface). The parasite drag is obtained as the combination of the wave drag, friction drag (assuming polished sheet metal surfaces), and miscellaneous drag (e.g. due to base and "leaks and protuberances"). The wave drag is estimated based on the maximum cross-sectional area of the HST, the empirical wave drag efficiency factor ‫ܧ‬ ௐ , and the drag for a Sears-Haack body:
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Some examples given in Ref. [19] include an EWD as low as 1.2 for blended delta-wing designs, with EWD = 1.8-2.2 more typical for most supersonic fighter/bomber/SST designs. In the present work, the wave drag efficiency factor is assumed to be equal to 2.0, as the HST designs in the present work do not follow an "area-rule" approach, and therefore this value is used to provide some conservatism in estimating the wave drag.
The thrust required at transonic conditions is obtained by multiplying the total transonic drag by a specified factor (e.g. 1.1) to allow the vehicle to accelerate past the drag peak. While the number of turbofan modules can be specified, a baseline assumption of two turbofan modules is implemented to maximize engine airflow (within a given width constraint); fewer engines may also translate to less parts, increased reliability, and lower cost for the low-speed propulsion system. The low-bypass turbofan module diameter is scaled based on the baseline engine performance developed using the thermodynamic analysis model (transonic conditions were assumed at an altitude of 11 km based on maximizing thrust/drag; afterburner operation is assumed, and the thrust is multiplied by 0.85 to account for installed thrust losses). A scaling factor is calculated based on the baseline engine thrust and that required at transonic conditions, and a technology improvement factor (e.g. 0.8) is also used to adjust the length and mass of the turbofans as suggested in Ref. [19] . Finally, cylinders representing the geometry of the turbofans are calculated to ensure they will fit within the HST and spacing constraints.
Fuel Considerations
One of the important decisions for a first-generation HST will be the type of fuel used for the mission [20] . Hydrogen (H2) offers the advantages of high mass-specific energy content and minimal environmental impact. However, the low density and cryogenic storage/handling requirements create challenges regarding packaging and implementation into an HST vehicle; cryogenic fuels will face additional issues when storage at airport facilities is taken into account (e.g. safety factors, fuel loss due to boil-off). A variety of hydrocarbon fuels, on the other hand, can provide higher volume-specific energy content, and eliminate the need for compressed or highly-insulated storage systems. For a first-generation HST, the storage and infrastructure advantages of hydrocarbon fuels may have a significant impact on the economic viability of such a vehicle; therefore the present work focuses on hydrocarbon-fueled designs.
For operation at low hypersonic speeds, the hydrocarbon fuel Methylcyclohexane (MCH) is one potential option; its properties include: ∆hk = 43,700 kJ/kg, fst = 0.068, and a standard temperature and pressure (STP) density of 770 kg/m 3 . Unlike cryogenic fuels such as hydrogen or methane, MCH can be stored at standard temperatures and pressures, which allows the possibility of fuel storage in smaller arbitrary volumes (e.g. sections in the wing). Additionally, MCH is an endothermic fuel, providing a cooling capability through the use of catalytic dehydrogenation [21] ; this can be important considering the high temperatures experienced by the engine and nozzle surfaces.
In the present work, the fuel volume is calculated assuming storage at STP conditions in the wing regions of the HST. A fuel tank system is constructed and divided into an arbitrary number of transverse sections; user-specified spacing constraints (e.g. spacing between tank surface and wing upper/lower surfaces, minimum tank thickness, minimum distance to wing leading and trailing edges) are used to allow space for structure and TPS considerations. Finally, the maximum usable volume of each tank is multiplied by a reduction factor (e.g. 0.8) to account for the presence of wing/tank support structure and other vehicle systems (e.g. landing gear, control surfaces).
Payload Configuration and Upper Surface Modification
The primary factor determining the size of the HST payload is the number of passengers. Using the conceptual design approach described in Ref. [19] , the payload is divided into rectangular passenger and cargo compartments. (Although cabin air-system/pressurization considerations are not included in the present work, future studies might investigate rounding of the corners and similar modifications to reduce structural requirements due to pressurization at high altitudes.) The seating layout of the passenger compartment is used to determine its size -the present work implements a seating arrangement 13-seats wide (11 actual seats, with two single-seat-width aisles), which is similar to existing intercontinental subsonic transports.
The width of the passenger compartment is calculated from the number of seats/aisles, and the payload height is specified to be 2.5 m. Selection of the appropriate seat width and pitch allows the volume of the passenger compartment to be calculated. Using empirical relations, the size and number of lavatories, and the lavatory/galley volume are also calculated. The cargo compartment volume (located behind the passenger compartment) is also determined assuming a specified volume per passenger. The current design method assumes a single-class economy style seating arrangement. Table 1 (reproduced in part from Ref. [19] ) indicates typical payload sizing parameters for economy and first class seating styles; it also lists the assumed values used in the present work. American Institute of Aeronautics and Astronautics In order for the payload to be integrated into the HST design, the upper surface of the waverider body section is modified based on the size of the payload -this has no effect on the lower surface flow region and leading edge shape, and is one of the benefits of using waveriders and the inverse design process in the generation of HST configurations. The payload volume is offset horizontally from the rear of the HST such that the aft end of the payload is located at the mid-length point of the ramjet combustor, and is vertically offset to maintain a minimum vertical spacing between the bottom of the payload and the HST lower surface and engine region (determined based on the size and location of the turbofan engines). A constraint is also applied such that, for safety reasons, the entire passenger compartment is located ahead of the turbofans to protect the passengers in case of an engine failure. The upper surface of the body section is adjusted such that a minimum vertical spacing is maintained between the top of the payload and the HST upper surface (e.g. 0.5 m) to allow for structural and thermal considerations. Cubic splines are used to provide a smooth blend between the nose and the start of the payload, and between the end of the payload and the end of the nozzle of the HST.
The wing section of the HST is also modified to provide flow expansion over the upper surface to increase lift and reduce base area. Non-dimensional horizontal offsets from the leading edge and trailing edge of the wing are used to specify control points for the wing surface expansion; at each location the wing height is set to be equal to a specified wing thickness or to the height of the leading edge for that section, whichever is less. The region from the leading edge to the first control point and from the second control point to the trailing edge is created using cubic splines; the region between the two control points is formed using a linear interpolation. (Fig. 9 provides a diagram of the geometry modification parameters.) In this manner, the upper surface of the wing region expands the flow from freestream conditions, offering an increase in the lift of the HST. The trailing edge thickness of the HST is also a specified design parameter. As is shown in Fig. 9 , the vertical spacing between the nozzle and upper surface for the body region, and between the lower surface and upper surface for the wing region, are set independently to a finite thickness (e.g. 1 m and 0.1 m, respectively).
Vehicle Mass Sizing
The total mass (mtotal) at take-off of a transport aircraft can be divided into three major categories: fuel mass (mfuel), structure mass (mstructure), and payload mass (mpayload). The take-off mass of a vehicle is frequently an indication of the total life cycle cost of the aircraft [22] , thus estimation of these values can provide an indication of the overall economic viability of a design.
For a cruise vehicle, it is typically desired to match the lift and weight at cruise conditions. Therefore, in the present work the vehicle mass at the start of cruise is set equal to the lift of the vehicle at cruise conditions (centrifugal force, which can reduce by 5% or more the effective weight of a high-speed vehicle [9] , is included). Next, using the empirical and historical relations described in Ref. [19] , the fuel required for engine start, taxi, take-off, climb and acceleration, loiter, descent and landing, and taxi-back can be estimated. The fuel required for cruise is calculated by multiplying the fuel mass flow rate by the time required for the cruise segment of the mission. For an idealized combustion process, the energy equation can be written as (ignoring the enthalpy of the incoming fuel and assuming a constant ratio of specific heats) as:
ሺ1 + ݂ሻℎ ସ = ℎ ଷ + ݂ሺ߂ℎ ሻ ሺ6ሻ Equation (6) can be rewritten to allow the calculation of the fuel/air ratio [18] :
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For the results presented below, the combustion efficiency was set equal to 0.95 (unless otherwise noted). Typically, limits on the maximum stagnation temperature (T04) in the engine require that lean operation occur; i.e. the equivalence ratio (߶ = ݂ ݂ ௦௧ ⁄ ) is usually less than 1 at cruise conditions. (In the present work, the equivalence ratio is not directly specified, but is a result of the specified maximum stagnation temperature). By utilizing these methods, the total fuel required from mission start to finish can be estimated, as summarized in Fig. 10 .
Fig. 10 Flowchart describing total mission mass-estimation process.
The structure weight is calculated in the present work using the Hypersonic Aerospace Sizing Analysis (HASA) method [23] with some additional modifications. The HST is divided into wing/body sections as shown in Fig. 9 . The individual weights of various structural components (e.g. thermal protection system, landing gear, thrust structure, engines, fuel tanks, subsystems) are then calculated using the HASA technique, which employs empirical and historical relations derived from supersonic and hypersonic vehicle data (e.g. previous SST/HST designs, the Space Shuttle orbiter), and is used to provide a first-order estimate of the masses of various hypersonic vehicle subsystems. Additionally, two modifications are made to the HASA sizing method in the present work. First, the turbofan engine mass is obtained based on the transonic sizing analysis described previously. The other addition is the estimation of the variable geometry inlet ramp system mass (as the engine inlet system is not included in the HASA method for ramjet sizing) using the statistical relations described in Ref. [19] .
The payload mass is determined from the total vehicle mass, fuel mass, and structure mass:
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Aerodynamic Performance Estimation
For an idealized waverider, the aerodynamic performance is estimated by applying the generating flowfield properties to the lower surface, and the freestream conditions to the upper surface (the base is typically assumed to be at freestream pressure). The inviscid performance is calculated by integrating the pressure distribution over the waverider surfaces, and the viscous effects are estimated by applying Eckert's reference temperature method [17] (fully turbulent flow is assumed based freestream Reynolds numbers on the order of 10 8 for the designs considered in the present work).
For an HST created using the conceptual design process described above, the idealized waverider shape is modified substantially by the inclusion of a propulsion system, and by the modification of the upper surface of the waverider. The unmodified lower surface flow properties are obtained based on the generating flowfield solution used to design the waverider. The engine inlet ramps, cowl surfaces, and the upper surface properties are obtained using either oblique-shock wave relations or expansion wave theory depending on the local normal for each surface element; the assumption of two-dimensional flow on these surfaces can be seen as a reasonable first-order approximation based on the low curvature and relatively small angle of the surfaces with respect to the flow direction. The primary author has previously compared inviscid computational fluid dynamics (CFD) results for waveriders where the upper surface is modified to fit the HST payload (but the engine surfaces are not included) [24] , and found that the use of the two-dimensional shock-expansion relationships (for the upper surface) and the generating flowfield properties (for the lower surface) allowed prediction of the L/D of the design to within 3% of the CFD results. American Institute of Aeronautics and Astronautics Skin friction estimates for the HST designs are again included using Eckert's reference temperature method assuming fully turbulent flow. Finally, the base pressure is estimated using Gaubeaud's formula [25] : 
III. Optimization Approach
Using the above conceptual design method, the initial design and analysis of a waverider-derived HST can be performed. However, this technique does not guarantee that the thrust is equal to drag at cruise conditions, or that the calculated payload mass will meet mission requirements. Additionally, a low take-off mass is desired in order to minimize the total costs associated with the construction and operation of an actual HST vehicle [22] . For these reasons, application of optimization methods is required in order to generate practical results.
Hill-climbing methods have been used extensively in aerodynamic/vehicle-design optimization studies [9] [11] [26] . In these methods, the path to the optimal solution is found by traversing the design space in the direction of the steepest gradient; this can provide an efficient means for finding the best solution for multidimensional problems. However, if the design space is non-convex (e.g. due to strong coupling between optimization variables, presence of many design constraints), hill-climbing methods often tend to prematurely converge to a local optimum nearby the initial starting point (e.g. an infeasible region can potentially block access to a more globally-optimum solution).
Other types of optimization algorithms have been developed based on biological or physical processes (i.e. evolutionary algorithms, simulated annealing methods). Genetic algorithm (GA) methods are a type of evolutionary algorithm; in these techniques an initial population of solutions is created, and through the application of a series of genetic operators, successive generations will naturally evolve towards an optimum solution based on the problem at hand. Due to the implicit parallelism of the method (on the order of ݊ ଷ possible designs are evaluated each generation, where ݊ is the population size) [27] [28], GA methods can be effective in finding a more globallyoptimal solution in a reasonable amount of time, especially for non-convex problems in which traditional hillclimbing methods exhibit difficulties.
Implementation Details
For the HST conceptual design method considered in the present work, strong coupling of the design variables can quickly cause a design to become infeasible, even when only minimal changes are made to a single design parameter. This causes the design space to be highly non-convex, and preliminary application of hill-climbing methods indicated a tendency for design-point driven results (i.e. the optimal solution would typically converge close to the initial design used to start the optimization process).
Therefore, the present work implements a GA to provide an initial global search of the design space. The optimization variables are binary-encoded into "genes" -this provides a method to convert the design variables into a low-cardinality alphabet (e.g. each gene will consist of 0s and 1s only). Although real number coding schemes can increase the resolution of the mapped variables without the requirement of excessive gene lengths, binary-type coding systems do provide a means to reduce the variable resolution, which can allow a more comprehensive search of a design space using a limited population.
In the present work, a hybrid optimization method is implemented using both GA and hill-climbing techniques. Relatively low resolution encoding (e.g. 7 bit, where each variable has 2 7 = 128 possible values) is used to provide a reasonably robust initial search of the design space using the GA; the Nelder-Mead simplex method [29] is then applied to provide local refinement of the optimal solution found using the GA.
The GA optimization starts by creating a random initial population. In the present work, the evolution of this population progresses each generation through the application of a series of genetic operators: 1) crossover -parents are selected and recombined to create children (i.e. crossover occurs based on a specified probability), 2) mutationthe genes of each population member are mutated (i.e. every bit in each gene is checked against a specified probability; if mutation occurs the individual bit is flipped, otherwise it is left unchanged), and 3) selection -the population is adjusted to a specified number by removing extra population members. In the present work, tournament-based selection is used to choose parents for the mating pool. The probability of crossover is set to 0.7 (uniform crossover is implemented based on investigations of the specific problem in the present work), and the probability of mutation is specified as 0.001. Since a (ߤ + ߣ) population model is employed (where both parents and children have an equal chance of surviving to the next generation), population reduction occurs by keeping the best American Institute of Aeronautics and Astronautics ݊ members at the end of each generation using a rank selection process. Finally, elitism is applied to ensure that the best chromosome is not lost as the optimization proceeds.
The high-level of epistasis (i.e. interaction or coupling between variables/genes) in the present work presents many challenges in the effective implementation of the GA. Typically, the initial population is generated by randomly stringing together 0s and 1s to create each gene. However, this method was found to be ineffective in producing a feasible starting population, as the probability of a random combination of genotypes converting to a feasible design is extremely low. Therefore, a method to "weight" the infeasibility of such designs was implemented -essentially, constrained designs that make it further through the design process are identified as better (but still infeasible). This technique allows an initial population to be generated randomly (where likely all the individuals represent infeasible designs), and then use the crossover/mutation/selection operations to gradually identify feasible designs and introduce them into the population.
Optimization Variables/Constraints
Any optimization process proceeds with the evaluation of an objective function (which is frequently referred to as a fitness function in evolutionary techniques). In the present work, the objective function maximized is:
where the user-specified constants a, b, c, d, e, f, and g are used to weight the relative importance of each factor in the objective function. The first and second factors in Eq. (10a) are used to match the thrust (T) to drag (D) at cruise conditions, and the calculated payload mass (݉ ௬ௗ ) with the specified target payload mass (݉ ௬ௗ ᇱ ) for the mission, respectively. The third factor is used to match the truncated nozzle Mach number ‫ܯ(‬ ௭௭_௧௨ ) as close to the fully-expanded nozzle Mach number ‫ܯ(‬ ௭௭_௨ ) as possible. The fourth factor is used to minimize the total width of all turbofan engines, where the ramjet width ‫ݓ(‬ ௧ ) is fixed based on the design parameters, and the total turbofan system width ‫ݓ(‬ ௧௨ ሻ is dependent on the number of modules required to overcome transonic drag -this factor is used to help ensure that the required number of turbofan modules will fit inside the engine width constraint. The fourth and fifth factors are used to minimize the non-dimensional structure (݉ ഥ ௦௧௨௧௨ ) and fuel (݉ ഥ ௨ ) masses, where each are normalized by a target overall mass of 350,000 kg. Finally, the ‫ܨ‬ ௗ factor is implemented to minimize the wing anhedral angle (i.e. the negative angle in the base plane between the waverider center and wingtip), which should facilitate integration of a landing gear system in the HST; note that ε is a small constant on the order of 0.01.
In order to allow for an effective investigation into the viability of HST configurations, a large number (N = 28) of design parameters are set variable during the optimization processes. These optimization variables are summarized in Table 2 ; the minimum and maximum constraints on each variable are also shown. (Note that the ycoordinates for the SPC are not listed, as they are a function of the z-coordinates and shock curvature radius as indicated in Fig. 3 . Additionally, ‫ݕ‬ ത ଵ and ‫ݕ‬ ത ସ are not optimized, as ‫ݕ‬ ത ଵ was set equal to ‫ݕ‬ ത ଶ to reduce the possibility of large slope changes near the nose region, and ‫ݕ‬ ത ସ was set to 0.0 to avoid excessive anhedral wing angles.) One of the advantages of the binary encoding used in GA optimization is that variables defined in discrete quantities (e.g. number of ramjet modules, inlet ramps) can also be easily included in the optimization process. American Institute of Aeronautics and Astronautics 
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IV. Results and Discussion
Baseline Configuration and Mission/Sensitivity Studies Definition
In order to evaluate the ability of the conceptual design method to generate realistic HST designs, a baseline configuration was generated. Fixed mission specifications included a range of 11,000 km, passenger capacity of 250, and a payload mass of 40,000 kg (derived assuming a target payload allocation of 160 kg per passenger). An initial population of ݊ = 1500 designs was generated to start the GA optimization as discussed above; evolution proceeded for 300 generations, after which the best design was further refined through application of the NelderMead simplex method.
Several mission parameter trade studies were also performed to investigate the effects of varying some of the mission parameters. In particular, two cases were implemented where 1) the mission payload was increased to 320 passengers (51,200 kg), and 2) the cruise range was reduced from 11,000 km to 8,000 km.
In the present work, a large number of computational models were combined into the HST conceptual design method as discussed above. In order to investigate the variation due to some of these models and assumptions, sensitivity studies were conducted independently in two different areas: 1) ramjet combustion efficiency -ߟ was set to 0.80 instead of 0.95; and 2) mass sizing margin -the total structure mass was increased by 15% to apply additional margin to the HASA-derived sizing relationships, and the fuel mass was increased by 5% to provide additional fuel for cooling or other uses.
Finally, an investigation into minimizing the trim moment required during cruise was investigated based on the fuel tank modeling described in Section II, and a comparison with a modern subsonic transport is discussed to highlight the similarities and differences of HST configurations.
Overview of Results
For the results presented below, the objective function was initially specified using weights of ܽ = 4, ܾ =3, ܿ = ݀ = ݁ = ݂ =2, and ݃ =1. These weights were chosen based on trial and error such that they provided a mechanism to meet key objectives (e.g. minimizing mass and wing anhedral), while still matching the performance parameters required for a feasible HST design (e.g. matching thrust to drag, calculated payload mass to mission requirements). After completing 300 generations of the GA, the simplex method was run on the GA-optimized design to help locally refine the solution. Finally, the simplex method was re-run on this design (for each case), changing ܽ = ܾ = 40 (with the other weights the same) for this last optimization run to further increase the accuracy of matching the payload mass to mission requirements and the thrust to drag at start of cruise.
The freestream design parameters and aerodynamic/propulsion system results for the Baseline design, as well as the designs from the mission parameter trades and modeling sensitivity analyses, are shown in Table 3 . Similarly, Table 4 summarizes the payload characteristics and mission-sizing results for each design. Finally, the vehicle designs for each case (including both the HST configuration, as well as the idealized waverider used in the design process) are shown in Fig. 11 . It can be seen that while some of the key design parameters differed for each case, the resulting designs converged to relatively similar looking vehicles. American Institute of Aeronautics and Astronautics Looking at the mission segment fuel mass breakdown shown in Table 4 , it can be seen that on the order of 60% of the total fuel mass for the mission is required for climb and acceleration to cruise conditions. As this was estimated using a relatively low-fidelity technique, future investigations into overall HST mission performance should focus on improving the accuracy of this estimate. This also highlights the importance of considering total mission performance in the design and optimization of an HST, as non-cruise portions of the mission can be a major driver in the results. Fig. 12 provides a breakdown of the subsystem mass estimated using the method discussed in Section II for each design case. It can be see that the wing and body structure are the heaviest components, comprising nearly 50% of the total structure mass for each configuration. The low-bypass turbofan engines are also relatively high-mass components, typically making up 15-20% of the total structure mass. As the present results were generated assuming the use of only the turbofans to overcome transonic conditions, this indicates that future studies could investigate use of the ramjets as well as potentially other low-speed propulsion system options. American Institute of Aeronautics and Astronautics Finally, Fig. 13 provides a breakdown of the lift coefficients for each of the case. As is expected, the lower surface of each design provides the majority of the lift. However, it can also be seen that the expansion of the flow over the upper surface wing region also generates substantial lift. Looking at the drag coefficient breakdown in Fig. 14, the minimal base drag is apparent. While the base pressure estimated using Eq. (9) is approximately 25% of the freestream pressure, the relatively small base area means this has little effect on the vehicle performance. Fig. 14 also shows the thrust produced by both the nozzle and momentum thrust of the engine -the relatively large nozzle thrust highlights the importance of including this in the optimization process. (Note that the thrust and drag components shown in Fig. 14 sum to a net ‫ܥ‬ of zero for each configuration, as the designs were optimized to match ܶ = ‫ܦ‬ at the start of cruise.) 
Mission Parameter Trades
Comparing the Payload Size configuration to the Baseline, it can be observed that the 28% increase in payload mass leads to a relatively modest 11% increase in total mass; this results in a payload mass fraction increase from 0.12 to 0.14 for the 320 passenger configuration. Furthermore, it can also be seen that the optimizer was able to find a design that fit the additional 70 passenger payload volume inside the HST with only an increase of approximately 2 m in length. These results indicate that investigation of larger passenger configurations may be a viable means of increasing the economic efficiency of HST designs, within the constraints imposed by existing airport infrastructure (e.g. total vehicle mass, vehicle length).
Similarly, reductions in cruise range from 11,000 to 8,000 km also result in an overall decrease in the total mass, as shown by comparing the Cruise Range configuration to the Baseline. However, the total mass reduction is less than 10% -this relatively small reduction is expected, as the fuel mass for the cruise portion of the trajectory represents only 20-25% of the total fuel mass for each configuration. Therefore, it can be inferred that the cruise range requirement has less of an influence on the design results than other parameters. Considering that the primary advantage of an HST design is to traverse long distances in a substantially reduced time (as compared with subsonic transports), setting a range requirement that encompasses all expected routes and destinations will maximize economic viability with a relatively small influence on overall vehicle mass.
Modeling Sensitivity Analysis
The results from reducing the combustion efficiency for the ramjet from 0.95 (Baseline design) to 0.80 (Combustion Efficiency design) resulted in a vehicle with only a 4% increase in total mass. On the other hand, the ‫ܫ‬ ௦ was reduced by 27%, while the TSFC showed a 37% increase. While these large changes in the performance metrics of the ramjet appear, it can be inferred that similar to the Cruise Range design discussion above, the relatively small percentage of fuel required for the cruise portion of the mission mitigates the effects of lower combustion efficiency on the overall vehicle mass.
Unlike the combustion efficiency sensitivity analysis, it can be seen that adding additional margin to the structure and fuel mass estimates can change the results significantly. Applying margins of 15% to the structure mass and 5% to the fuel mass resulted in a total mass for the Mass Margin Factors design that is more than 40% heavier than the Baseline. This highlights the importance of the subsystem mass estimates -changes in these can affect some of the key vehicle parameters, as the vehicle is designed to match lift to weight at the start of cruise. 
Minimizing Trim Required at Cruise
The trim moment required at the start of cruise is provided in Table 3 for each design -it can be seen that in many cases this moment can be quite substantial. However, as was discussed in Section II, the present work models the actual fuel tank volumes (split into 8 transverse tanks located in the wing region). Therefore, an algorithm was implemented to redistribute fuel forward or backwards between tanks, as needed and within tank volume constraints, to minimize the required trim moment. For the Baseline configuration, the results before and after this redistribution are shown in Table 5 . As can be seen, this technique provides an effective way to meet vehicle trim requirements at the start of cruise, without having to deflect any control surfaces (with the commensurate increase in drag). Table 5 Required trim moment results before/after fuel redistribution for Baseline design.
Comparison with Modern Subsonic Transports
The Boeing 787 is an example of a modern subsonic intercontinental transport. Table 6 shows a comparison of the Baseline HST design generated in the present work with the Boeing 787-8 configuration [30] for several key parameters. It can be observed that while both aircraft are sized to carry similar payload masses (on the order of 40 metric tons), the 787-8 is designed to carry approximately 375 passengers vs. the 250 for the HST design. The total mass at take-off for the HST is approximately 45% higher than the 787-8, which exemplifies the additional mass involved in designing an air transport for hypersonic flight. Finally, looking at the performance comparison, it can be seen that the 787-8 has approximately twice the fuel efficiency as the HST design, based on the maximum payload configuration fuel mass and cruise range shown in Table 6 . These results indicate that the HST design will likely have a higher production cost (due to the higher total mass), as well as a fuel operating cost on the order of twice that of modern subsonic transports. In conclusion, it can be inferred that while an HST can reach a destination in approximately one-fifth the time of a subsonic transport, this advantage will have to be traded against the ticket price increases required to overcome the higher production and operating costs of the system.
V. Conclusions
In this research, the viability of a Mach 5 HST vehicle was investigated by the development of a multidisciplinary design optimization model including propulsion system analysis, aerodynamic performance estimation, mass and volume sizing, payload configuration, and overall mission performance. Taking the generated examples as first-order conceptual results, it can be inferred that a waverider-derived HST optimized for cruise in the low hypersonic regime demonstrates potential and deserves further investigation.
Trades were conducted to assess the effects of changing the payload size and cruise range, and the results indicated relatively small sensitivity of the total vehicle mass to these mission parameters. Similarly, an investigation into the effects of the propulsion modeling assumptions again demonstrated a small change in vehicle mass -it is inferred that the relatively small percentage of total fuel required for the cruise portion of the mission mitigates the impact of a lower combustion efficiency. On the other hand, applying additional margin to the structure and fuel mass estimate techniques created a significantly heavier vehicle, and highlights the importance of generating accurate estimates of these values. Finally, the present work demonstrated how modeling of the actual fuel tanks and fuel distribution could be used to minimize the trim required during cruise, which can be beneficial in reducing or eliminating trim drag.
While the present work combines modeling from many different disciplines to optimize waverider-derived HSTs, there are many aspects that could benefit from additional refinement in future studies. For example, the empirical/historical relations used to estimate the fuel required for the non-cruise portions of the mission could be replaced with a more detailed trajectory-analysis model. Use of computational fluid dynamics or other techniques to assess the off-design vehicle performance at non-cruise conditions is required. More detailed investigation into the aerodynamic stability and control of such configurations is also a necessary part of the process of maturing the 
